Abstract: A series of novel ligustrazine-benzoic acid derivatives were synthesized and evaluated for their protective effect against cobalt chloride-induced neurotoxicity in differentiated PC12 cells. Combining hematoxylin and eosin staining, we found compound that (3,5,6-trimethylpyrazin-2-yl)methyl 3-methoxy-4-[(3,5,6-trimethylpyrazin-2-yl)methoxy]benzoate (4a) displayed promising protective effect on the proliferation of the injured PC12 cells (EC 50 = 4.249 µM). Structure-activity relationships are briefly discussed.
Introduction
Stroke is one of the most devastating diseases in China as well as worldwide. Most strokes (80%) are ischemic and the disease relates with both cerebrovascular system and cranial nerves [1] . Currently, treatments for ischemic stroke include the use of thrombolytic and neuroprotective agents; OPEN ACCESS thrombolytic drugs lyse blood clots to restore blood flow, and neuroprotective treatments prevent cell death during and after ischemia and reperfusion [2, 3] . Despite the remarkable progress achieved in the therapy of stroke during the last two decades, there is no effective chemotherapy for cerebral ischemic stroke and neuroprotective agents that could attenuate lots of the clinical problems of ischemic stroke [1, 4] , so the development of new neuroprotective agents that inhibit neuronal damage induced by cerebral ischemia is of great significance [4] .
Ligustrazine (2,3,5,6-tetramethylpyrazine, TMP), one of the major effective components of the Chinese traditional medicinal herb Ligusticum Chuanxiong Hort, has been widely used for ischemic stroke therapy in China for many years. TMP has multiple mechanisms of action, including thrombolysis and neuroprotection, both of which were important for effectively protecting the brain tissue from ischemic and reperfusion damage in ischemic stroke [5] [6] [7] [8] . A series of previous studies proved that ligustrazinyloxy-aromatic acid derivatives could inhibit platelet aggregation and protect damaged endothelial cell proliferation, and that they exhibited much higher activities than TMP [9] [10] [11] . Many of these aromatic acids, such as protocatechuic acid, vanillic acid, salicylic acid, the parent compounds of ligustrazine derivatives, also showed interesting neuroprotective activity [12] [13] [14] [15] [16] . To further improve TMP's neuroprotective effects, inspired by the biological characteristics of TMP and aromatic acids, we integrated the ligustrazine ring and hydroxybenzoic acid fragments into one molecule according to the combination principle in medicinal chemistry, constructing a series of new ligustrazine-benzoic acid derivatives.
PC 12 is a cell line derived from a rat adrenal medulla pheochromocytoma. The differentiated PC12 cells induced by nerve growth factor (NGF) have the typical characteristic of the neurons in form and function; therefore it is widely used as a model for in vitro neuron research [17, 18] . Cobalt chloride (CoCl 2 ), a water-soluble compound, was used in this investigation because it is one of the best-known chemical inducer of PC12 injury; CoCl 2 -induced neurotoxicity in differentiated PC12 cells is commonly used to screen new candidates for the intervention of stroke [19, 20] . Herein, the novel ligustrazine-benzoic acid derivatives' neuroprotective activities were evaluated on CoCl 2 -induced damage in differentiated PC12 cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and hematoxylin and eosin (HE) staining. Structure-activity relationships (SARs) of these new compounds are also discussed.
Results and Discussion

Chemistry
All the designed derivatives were synthesized via the routes outlined in Scheme 1 and Scheme 2. As the important intermediates, 2-(bromomethyl)-3,5,6-trimethylpyrazine (1) and 3,5,6-trimethylpyrazine-2-carboxylic acid (2) were prepared according to our previous study [21, 22] . In Scheme 1, typical synthetic procedures for 1a-5a involved the combination of bromo TMP and other hydroxybenzoic acids through the formation of ester and ether bonds under alkaline conditions, followed by hydrolysis of the corresponding ligustrazinyloxybenzoic acid esters 1a-5a in 20% (w/v) KOH aqueous solution, to obtain compounds 1b-5b. In Scheme 2, single ester combination of TMP with hydroxybenzoic acids 1c-5c was achieved by controlling the reaction temperature and alkali catalyst strength. Compounds 1c-5c were reacted with 3,5,6-trimethylpyrazine-2-carboxylic acid (2) catalyzed by 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) and 4-dimethylaminopyridine (DMAP) in CH 2 Cl 2 , respectively; we thus successfully obtained compounds 1d-5d. The structures of all the target compounds (Table 1) were confirmed by 1 H-NMR, 13 C-NMR, MS and high resolution mass (HRMS). Of all the compounds, 1a−5a, 2b, 5b, 1c−5c, 1d−5d were new compounds and 1b, 3b, 4b had been reported previously [11, 23] , but none of the compounds' neuroprotective activities had been explored. The derivatives containing bis-ligustrazine substituents 1a-5a and 2d-5d exhibited high potency, with EC 50 values below 50 µM; among them 4a was the most active compound, with an EC 50 value of 4.249 µM. We found that most of bis-ligustrazine derivatives' neuroprotective activities were better than that of the single-ligustrazine componds. This result revealed the combinational effects of two ligustrazinyl pharmacophores. This structure-activity relationship analysis was in agreement with the previously studied protective effects of ligustrazine derivatives on damaged ECV-304 cells [24] . However, this principle did not work in the case of 2c (EC 50 = 5.828 µM) on the injured PC12 cells model; this was possibly caused by the usage of different cell types.
In addition, it was observed that ether-joined derivatives' protective effects were better than those of the ester ones, as exemplified by comparison of the respective pairs of compounds such as 1a > 1d, 3a > 3d, 4a > 4d, 5a > 5d. Structure-activity relationship analysis among 1a-5a revealed that compounds with substituents at the para-position of the benzoyloxy moiety seemed to be more active than those with substituents at other positions in the same series, and approximately followed an tendency in activity 4-OH, 3-OCH 3 > 4-OH > 2-OH > 3-OH > 3, 4-OH. These findings may provide a new framework for the design of new ligustrazine derivatives as neuroprotective drugs for treating cerebral ischemic stroke.
Moreover, previous studies displayed that 3b could inhibit platelet aggregation properties [11, 23] ; while the current study also showed that 3b and its congener structures exhibited good neuroprotective activities. Based on the above evidence, we reason that ligustrazine-benzoic acid derivatives possess both thrombolytic and neuroprotective effects and may be more efficacious than either a thrombolytic or neuroprotective agent alone.
Effect of 4a on CoCl 2 -Induced Cell Injury
Under optical microscopy, we found that undifferentiated PC12 cells proliferated to form clone-like cell clusters without neural characteristics as shown in Figure 
Experimental Section
Chemistry
Reactions were monitored by TLC using silica gel coated aluminum sheets (Qingdao Haiyang Chemical Co., Qingdao, China) and visualized in UV light (254 nm). C-NMR assays were recorded on a Bruker AVANCE 500 NMR spectrometer (Fällanden, Switzerland) and chemical shifts are reported in δ (ppm). Mass spectra were recorded with an LC Autosampler Device: Standard G1313A instrument (Agilent, New York, NY, USA). HRMS spectra were obtained using a Thermo Scientific TM LTQ Orbitrap XL hybrid FTMS instrument (Thermo Technologies, New York, NY, USA). Melting points (uncorrected) were measured on an X-5 micro melting point apparatus (Beijing, China). Flash column chromatography was performed using 200-300 mesh silica gel. The yields were calculated based on the last step reaction. All chemicals and solvents used were analytical or high-performance liquid chromatography grade. Values are means ± SD; * p < 0.05, ** p < 0.01 compared to CoCl 2 group. (1) . Compound 1 was prepared according to our previously reported method [21] . The crude product, with 70% purity, was not purified further as it caused a strong mucous membrane irritation. (2) . Compound 2 was prepared according to the method described by Wang et al. and Li et al., with minor modifications [22, 25] . To a solution of trimethylpyrazine (5.0 g, 36.8 mmol) in water (200 mL), aqueous potassium permanganate (KMnO 4 ) solution (8.6 g KMnO 4 :150 mL water) was added dropwise at room temperature over about 60 min. Upon completion of the addition, the mixture was stirred at 50 °C for 12 h, then the warm reaction mixture was filtered and washed with hot water (300 mL, 90 °C). The filtrate and washing liquor were combined, cooled to 0-5 °C, and the pH adjusted to 2.0 with concentrated hydrochloric acid. Extraction was performed with ethyl acetate (200 mL × 3), and the organic phase was dried with anhydrous sodium sulfate. The solvent was removed by distillation under vacuum, and the residue was recrystallized from acetone to produce a light yellow solid (2.39 g, yield: 47.8%), m.p.: 162-163 °C [26] .
2-(Bromomethyl)-3,5,6-trimethylpyrazine
3,5,6-Trimethylpyrazine-2-carboxylic acid
3.1.1. General Procedure for the Preparation of Ligustrazine Derivatives 1a-5a (Scheme 1)
Compound 1 (9.0 mmol) and the corresponding hydroxybenzoic acid (3.0 mmol) were dissolved in dry DMF, then K 2 CO 3 (6.0 mmol) was added and the mixture was kept at 85 °C for 1.5 h under a nitrogen atmosphere. The warm reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na 2 SO 4 and evaporating the solvent under vacuum, the crude products were purified by flash chromatography and recrystallization from acetone. 
General Procedure for the Preparation of Ligustrazine Derivatives 1b-5b (Scheme 1)
An aqueous solution of KOH (4.0 mmol) was added to a solution of ligustrazine derivatives 1a-5a (2.0 mmol) in ethanol (30 mL). The mixture was stirred at 60 °C for 40 min (checked by TLC). Upon completion of the reaction, pH was adjusted to 3 with 10% hydrochloric acid, and then the solution was extracted with ethyl acetate (100 mL). The organic layer was washed with water (100 mL × 2), dried over anhydrous Na 2 SO 4 and evaporated. The solids were dried under vacuum and purified by recrystallization from acetone to give pure target compounds. 
2-[(3,5,6-Trimethylpyrazin-2-yl)methoxy]benzoic acid (1b
3-[(3,5,6-Trimethylpyrazin-2-yl)methoxy]benzoic acid (2b
4-[(3,5,6-Trimethylpyrazin-2-yl)methoxy]benzoic acid (3b
General Procedure for the Preparation of Ligustrazine Derivatives 1c-5c (Scheme 2)
Compound 1 (3.0 mmol) and hydroxybenzoic acid (3.0 mmol) were dissolved in dry DMF (25 mL), then NaHCO 3 (4.0 mmol) was added and the mixture was kept at room temperature for 12 h under nitrogen atmosphere. Then reaction mixture was poured into ice-water and the crude product was extracted with ethyl acetate. After drying the organic layer over anhydrous Na 2 SO 4 and evaporating the solvent under vacuum, the crude products were purified by flash chromatography and recrystallization from acetone. To a solution of ligustrazine derivatives 1c-5c (1.0 mmol) in CH 2 Cl 2 (30 mL) were successively added compound 2 (1.2 mmol), EDCI (1.5 mmol), and DMAP (catalytic amount), and the mixture was stirred at room temperature for 16 h under nitrogen atmosphere. The organic layer was washed with brine and water, respectively. After drying the organic layer over anhydrous Na 2 SO 4 and evaporating the solvent under vacuum, the crude products were purified by flash chromatography and the target compound was recrystallized from acetone. (3,5,6- [9, [24] [25] [26] PC12 cells were cultured in RPMI 1640 medium supplemented with 5% (v/v) fetal bovine serum, 10% (v/v) horse serum and 100 U/mL penicillin-streptomycin (Thermo Technologies, New York, NY, USA) at 37 °C in a humidified atmosphere of 5% CO 2 . When cells achieved the desired density of >80% confluency original medium was removed and cells were cultured with the serum-free medium for 14 h. Then the cells were suspended in 1640 medium supplemented with 10% (v/v) fetal bovine serum, and seeded into poly-L-lysine-coated 96-well culture plates at 7 × 10 3 cells/well, differentiated by treated with 50 ng/mL NGF for 48 h. After these, the differentiated PC12 cells were pretreated with various concentrations (60, 30, 15 50 values were defined as the concentration of compounds that produced a 50% proliferation of surviving cells and calculated using the following equation: −pEC 50 = log C max − log 2 × (∑P − 0.75 + 0.25P max + 0.25P min ), Where C max = maximum concentration, ∑P = sum of proliferation rates, P max = maximum value of proliferation rate and P min = minimum value of proliferation rate. [26, 27] The PC12 cells culture procedure was similar to that described in section 3.2.1. After pretreatment with the serum-free medium for 14 h, cells were seeded at a concentration of 7 × 10 4 cell/mL in a volume of 0.8 mL on a poly-L-lysine-coated sterile cover slip in 6-well tissue culture plates, and differentiated by treating with NGF (50 ng/mL) for 48 h. Then the differentiated PC12 cells were pretreated with compound 4a (60 µM) for 36 h prior to exposure to CoCl 2 . After induction by CoCl 2 for 12 h, culture medium was removed and the cells were fixed in 95% ethyl alcohol for 15 min. The cells were washed twice with PBS and stained with hematoxylin for 8 min. The stained nuclei were washed twice with diluted PBS, and consequently stained with eosin for 8 min. Next, H&E stained sections were dehydrated through gradient ethanol and cleared in xylene. The residual procedure was processed in accordance with the hematoxylin and eosin (HE) staining protocol. The cellular morphology and percentage of cells showing neurite outgrowth was determined by light microscopy (Nikon, Kobe, Japan). Cells with one or more neurites whose lengths were at least twice the diameter of the cell body were scored as differentiated cells. Cell differentiation rate was calculated as the number of differentiated cells/total cells. Neurite outgrowth was determined from at least three different regions of interest in three independent experiments. All data are expressed as mean ± SD. Data analysis was carried out using SAS software, version 8.1 (SAS Institute, Cary, NC, USA). Statistically significant differences between the samples were evaluated by Student's t-test and p < 0.05 was considered significant.
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Conclusions
In conclusion, a series of novel ligustrazine-benzoic acid derivatives was designed, synthesized and biologically evaluated for their protective effects on the damaged differentiated PC12 cell proliferation. The preliminary biological results have demonstrated that most of ligustrazine-benzoic acid derivatives exhibited good protective effects in comparison with TMP. Among the active compounds, 4a is the most active congener, with EC 50 4.249 µM, which is much higher than that of TMP, and representing a most promising lead for further investigation. Studies of the anti-experimental stroke effects and mechanism of 4a in a rat middle cerebral artery occlusion (MCAO) stroke model are in progress and will be reported in the near future.
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